Sorghum is a gluten free grain that has potential to be used as an alternative to wheat flour for the Celiac Sprue market. There are thousands of sorghum lines that have not been characterized for grain, flour or end product quality. The objective of the research was to gain an understanding among grain sorghum quality factors and Chinese egg noodles quality. Four sorghum hybrids were characterized and evaluated for kernel characteristics, proximate analysis, flour composition and end product in a Chinese egg noodle system. Kernel size and weight affected the flour particle size and the amount of starch damage. Flour with fine particle size and high starch damage conferred noodles with high firmness and high tensile strength. Water uptake was highest for flour with smaller particle size (38 mm at 50% volume) and higher starch damage (6.14%). Cooking losses for all samples were below 10%. Starch of particle size <5 mm (Ctype) contributed to firmer and higher tensile strength noodles. Water absorption was significantly affected by flour particle size, starch particle size and starch damage. Through control of sorghum grain and flour quality characteristics it is possible to manufacture a Chinese egg noodle with good physical attributes.
Introduction
The recent increase in the wheat free food market has been due to an increased awareness and diagnosis of celiac disease (Cole and Kagnoff, 1985; Collin et al., 2002) , gluten sensitivity (Goldstein and Underhill, 2001 ) and wheat allergies (Poole et al., 2006) . Although the overall percentage of individuals with confirmed cases of celiac disease is only approximately 1% of the US population (Weiser and Koehler, 2008) , sales of wheat-free foods has had an extensive impact. Bogue and Sorenson (2008) disclosed that gluten-free food sales were approximately $700 million in 2006 and would exceed $5 billion by 2015.
Several different flours have been used to produce wheat free foods including crops such as: corn (Sánchez et al., 1996) , soybeans (Ranhotra et al., 1975) rice (Ylimaki et al., 1991) and sorghum (Kasarda, 2001) .
Even though sorghum is the 5th largest crop produced worldwide and has been shown to be safe for people with celiac disease (Ciacci et al., 2007) the literature is relatively scarce compared to that of corn and rice in exploring sorghum for production of foods for Western markets. Research has shown, however, that sorghum may be used to produce a number of different food products including breads (Schober et al., 2005 (Schober et al., , 2007 , tortilla chips , tortillas (Fernholz, 2008) , cookies (Morad et al., 1984) , flat breads (Badi et al., 1990) , and noodles (Kunetz et al., 1997; Miche et al., 1977; Suhendro et al., 2000) .
Chinese egg noodles have become one of the fastest growing sectors in the world with a compound annual growth rate reaching 4% globally (Benkouider, 2003) . Thus the production of high quality wheat-free Chinese style noodles would be desirable for the wheatfree food markets. Previous research has shown that sorghum may be used to produce noodles (Kunetz et al., 1997; Miche et al., 1977; Suhendro et al., 2000) . Research has shown that a key component governing the end-use quality of sorghum based foods is grain hardness (Fernholz, 2008; Frederick, 2009; Schober et al., 2005) . Kernel properties including hardness and sizes impact both the particle size of the final flour as well as starch damage of the flour. These flour attributes in turn play a large role in final product quality. Thus the goal of this study was to evaluate the impact of grain properties on the quality of sorghum based Chinese egg noodles.
Experimental

Grain sorghum samples and flour preparation
Four non-tannin hybrids, two white (Orbit, hybrid No. 2) and two red (ATX3197 Â RTX7078, hybrid No. 3 and ATX2752 Â RTX2783, hybrid No. 4) grown in Nebraska during 2007 were selected for use in this study. The hybrids were decorticated with a tangential abrasive dehulling device (TADD) until 20% of the initial weight was removed, then further processed with a Bliss Hammer mill (Venebles Machine Works, Saskatoon, Canada) according to Reichert et al. (1982) and Oomah et al. (1981) . The commercial white sorghum flour (Sample No. 5) was obtained as a point of reference for comparing flour characterization and final product quality to the hybrids. The milling profile for the commercial sorghum flour was not provided by the commercial company but the proximate analysis, particle size, and starch pasting properties of commercial sorghum flour were evaluated. To provide a bench mark for noodle quality, wheat flour (Sample No. 6) provided by the Hard Winter Wheat Quality Laboratory (USDA-ARS Manhattan KS) from crop year 2009 was used to compare with final sorghum quality.
Methods
Kernel characterization
Physical properties of the sorghum kernels were characterized with the single kernel characterization system (SKCS 4100 Perten Instruments, Huddinge, Sweden) according to Bean et al. (2006) .
Flour analysis
Proximate analysis on the flour was measured according to the following standard methods: protein (AACC, 2000) , ash (AACC, 2000) , moisture (AOAC, 2005) , fat (AOAC, 2005) . Crude fiber was measured according to AOCS Approved Procedure Ba 6a-05 (AOCS, 2006) . Flour particle size distribution was determined with an LS 13 320 single wavelength laser diffraction particle size analyzer using the Tornado dry powder system (Beckman-Coulter, Inc., Miami, FL). Amylose and amylopectin content of the starch was determined by the method of Gibson et al. (1995) using a Megazyme amylose/amylopectin assay kit (K-AMYL 04/06, Megazyme International Ireland Ltd., Co. Wicklow, Ireland). The total starch content of the four sorghum flours was determined by Megazyme Total Starch Assay kit, K-TSTA 05/06 (Megazyme International Ireland Ltd., Co. Wicklow, Ireland) which is based on the amyloglucosidase/a-amylase method (AOAC Method No. 996.11 ). Since sorghum starch may have high levels of resistant starch, a pretreatment with dimethyl sulphoxide (DMSO) was performed. Starch damage was measured by the method of Gibson et al. (1993) (starch damage assay kit from Megazyme).
Starch isolation
High-intensity ultrasound (sonication) was used to purify starch from sorghum flour following the procedure of Park et al. (2006) . The isolated starch was dried in Labconco Freezone 6 Freeze Dryer (Labconco Corporation, Kansas City, MO).
Starch particle size distribution
Starch particle size distribution was determined using an LSÔ 13 320 Laser Diffraction Particle Size Analyzer (Beckman-Coulter, Inc., Miami, FL) following Approved Method 55-40 (AACC, 2000) in a universal liquid module with an integrated sonicator.
Starch pasting properties
Pasting properties of sorghum starch from the four sorghum hybrids were assessed using the rapid visco analyzer (RVA Model 4, Newport Scientific, Australia) method of Lee et al. (2002) . The pasting curve is a result of the starch slurry being subjected to a specified thermal profile. In the RVA, the short temperature profile (13 min) was used and the mixture was stirred at 960 rpm for 10 s, and then at 160 rpm for the remainder of the test. The temperature of the test initiated at 50 C held for 1 min and ramp to 95 C over 3 min and 45 s where the sample was held for 2 min and 30 s, the temperature was then decreased back down to 50 C over 3 min and 45 s and was held again for 2 min.
Preparation of sorghum noodles
Noodles were made using the modified formulation from Khouryieh et al. (2006) : 100 g sorghum flour, 1.5 g salt, 8.0 g dried egg whites, 7.0 g corn starch, 5.0 g dried whole eggs, and 2.5 g xanthan gum. Dry ingredients were added in a Hobart mixer (N50-619 mixer, Hobart Food Equipment, North Hobart, Australia) and mixed for 1 min at low speed followed by 1 min at high speed. Water (57 g) (based on previous experiment) was added to give uniform, smooth, non-sticky noodle dough. The dough was kneaded by hand for 1 min and then folded and sheeted through a noodle machine (VillaWare classic Italian Kichenware, Cleveland, OH) with the gap set at 4 mm.
The same noodle formulation was used with the commercial sorghum flour but at two different water levels (57 g, Sample No. *5 and 75 g, Sample No. **5). The resultant dough from the 57 g water level was not as smooth as that observed with the sorghum hybrids used in this study. Thus, an additional dough treatment that used 75 g water in the formulation was added to the experimental design to closer mimic the physical smooth dough texture and appearance observed with the four sorghum hybrids.
Evaluation of sorghum noodles
Optimum cooking time (2.5 min) for each noodle sample was determined according to AACC Method 66-50 (AACC, 2000) . Approximately 25 g of noodles were cooked in 300 mL of distilled water in a 500-mL beaker until the central opaque core in the noodle strand disappeared. Tensile strength of noodles was tested using a TA-XT plus texture analyzer (Texture Technologies Corp., Scarsdale, NY). The TA-XT Plus settings were as follows: pre-test speed of 1.0 mm/s, test speed of 3.0 mm/s, post-test speed of 10.0 mm/s, distance of 100 mm, and trigger force of 5 g. Noodles were tested individually by placing one end into the lower rig arm slot, winding the loosened arm, and tightening the arm. The same procedure was performed on the other noodle end to the upper arm. The distance between the two arms was set as 15 mm. Noodle firmness was tested according to Approved Method 66-50 (AACC, 2000) . Water uptake (%) and cooking loss (%) during cooking were determined by Approved Method 66-50 (AACC, 2000).
Statistical analysis
Two replications of each test were treated as blocks in a randomized block design. Three subsamples were evaluated for each replicate. All data were analyzed using SAS version 9.1 (SAS, Institute Inc., 2003) . Least squares means with TukeyeKramer groupings were used to differentiate the significant differences among the treatments and treatment means. A level of significance was observed at a ¼ 0.05. Pearson correlation coefficients were calculated to determine the relationship between grain properties and noodle qualities.
Results and discussion
Kernel properties
The average hardness indexes of sorghum kernels ranged from 74.98 to 98.35 (Table 1 ). Hybrids No. 1 and No. 4 exhibited significantly higher kernel hardness than the other two hybrids. Hybrid No.1 showed a significantly higher kernel weight and kernel diameter among the hybrids.
Grain hardness was categorized into low, medium and high based on the work of Bean et al. (2006) An abrasive hardness index (AHI) was used to calculate the amount of kernel removed over time. The SKCS and AHI are only loosely correlated and provide different measures of kernel strength or hardness. The average abrasive hardness indexes of sorghum kernels ranged from 10.26 to 14.16 (Table 1) . These values correspond to a 'medium' AHI based on results described by Bean et al. (2006) . Many other factors such as kernel shape, kernel size, and pericarp thickness may affect abrasive hardness index (Kirleis and Crosby, 1982) .
Proximate analysis on sorghum flour
The commercial sorghum (No. 5) exhibited significantly higher protein content (% db) and ash content but significantly lower flour moisture, crude fat and crude fiber compared to the sorghum hybrids (Table 1) . Among the sorghum hybrids there was no particular trend observed for the proximate analyses data. Hybrid No. 1 exhibited significantly higher protein content. No. 2 exhibited significantly lower in ash, crude fat and fiber compared to the other three hybrids. The red sorghum hybrids were significantly higher in ash content compared to the white sorghum hybrids. These flour protein and ash values were in agreement with those reported by Schober et al. (2005) and Fernholz (2008) .
Hybrid No. 1 and the commercial sorghum (No. 5) were significantly lower in total starch compared to the other three hybrids ( Table 1 ). The total sorghum starch results were similar to those of Buffo et al. (1998) and Fernholz (2008) that reported starch content values between 66 and 73% (%db). The sorghum hybrids were significantly lower in starch damage (approximately 50%) compared to the commercial sorghum (No. 5). The difference between the commercial sorghum and sorghum hybrids may be due to the milling method used (Frederick, 2009 ). Hybrid No. 1 exhibited a significantly higher starch damage compared to the other hybrids. Hybrid No. 1 did exhibit a harder kernel trait and larger kernel size which is often associated with high starch damage (Table 5) because of the additional energy input required to mill the grain (Martin et al., 2007) . Fernholz (2008) Fernholz (2008) which ranged from 20.2 to 27.3% (db).
Starch and flour particle size distribution
The starch particle size distribution was represented according to diameter vs. volume % using two different binning regimes. In one regime, the A-type (>15 mm), B-type (5e15 mm), and C-type (<5 mm) allowed a comparison through a commonly used method (Wilson et al., , 2008 . In the second regime, the binning of the particles was done in six groups: >30 mm, 20e30 mm, 10e20 mm, 5e10 mm, 2e5 mm, and <2 mm. This regime was developed for this work to determine whether binning in smaller groups would be useful for starch size distribution studies and to better relate starch size distributions to noodle properties. Hybrid No. 1 showed a significantly higher volume % in the A-type particles and lower volume % in the B-type and C-type particles in the starch compared with other three sorghum hybrids and commercial sorghum (Table 2) . Starch from commercial sorghum showed a significantly Means in the same column followed by different superscript letters indicate significant differences (P 0.05). Means in the same column followed by different superscript letters indicate significant differences (P 0.05). Sample No. 1 e Orbit, 2 e Fontanelle-525, 3 e ATX3197 Â RTX7078, 4 e ATX2752 Â RTX2783, 5 e Commercial sorghum, 6 e Wheat. lower volume % in the A-type particles and higher volume % in the B-type and C-type particles compared with the four hybrids. When starch populations are segmented into six groups, Hybrid No. 1 showed a significantly greater volume % in the largest particle group of >30 mm, while No. 4 and the commercial sorghum (No. 5) showed lower volume % in that group. The 20e30 mm size group showed hybrid No.1 had higher volume % and the commercial sorghum (No. 5) had lower volume % compared with other three hybrids. In the 10e20 mm, 5e10 mm, 2e5 mm and <2 mm size groups, the commercial sorghum (No. 5) was significantly higher in volume %, while No. 1 was lower in volume %, hybrids No. 2, 3 and 4 showed no significant difference in volume %.
The distribution of flour particle size at 5 volume percents is shown in Table 3 . Significant differences among flour type and particle size were found at each of volume percent. Hybrid No. 1 exhibited a significantly higher particle size at volume % 10, 25 and 50. The average flour particle diameters ranged from 38.78 mm to 177.00 mm at 50 volume percent. The commercial sorghum (No. 5) exhibited a significantly smaller average flour particle at all volume percents measured. Fernholz (2008) reported average flour particle diameter of four sorghum hybrids ranging from 154.4 to 191.8 mm at 50 volume percents.
Starch pasting properties
Pasting profiles of sorghum starch provided a unique functional fingerprint for each hybrid that may represent structural and molecular structure. The commercial sorghum (No. 5) exhibited the highest peak viscosity (Fig. 1) , whereas hybrid No. 3 exhibited the lowest peak viscosity. The data reported is similar to that of Beta and Corke (2001) Setback is a process that occurs during cooling in which the starch molecules started to reorder and subsequently form a gel structure. A lower setback values is indicative of slower rates of starch retrogradation (Varavinit et al., 2003) . No relationship between sorghum starch amylose content and setback viscosity was found in this research. Peak time is the time required to achieve peak viscosity. Pasting temperature ranged from 69.73 C (No. 5) to 75.18 C (No. 4). According to the peak viscosity (456-810 RVU) and time required to develop peak viscosity (6.42e7.25 min) reported by Suhendro et al. (2000) , the four hybrids had lower peak viscosity and shorter peak development time. The pasting temperature is defined by the initial increase in viscosity and is higher than the gelatinization temperature, meaning the starch particles are gelatinized before the viscosity begins to increase (Liang and King, 2003) . In this study lower pasting temperature was found to be associated with faster particle swelling and higher peak viscosity which agreed with Hernandez (2009) .
Starch size distributions showed some significant correlations to RVA pasting properties (Table 5 ). The 2e5 mm size group was positively correlated to breakdown viscosity. The C-type particles and 2e5 mm group showed a positive correlation to peak viscosity and trough viscosity, and 20e30 mm group resulted in a negative correlation. Lower pasting viscosity was as a result of A-type granules, which was in contrast to wheat starch study reported by Geera et al. (2006) . B-type and C-type starch granules resulted in higher pasting viscosity, breakdown viscosity and trough viscosity (Table 5) . Thus, smaller starch particle size was observed to have higher viscosity, which was contrary to wheat starch literature (Shinde et al., 2003; Wilson et al., 2008; Lelievre, 1981, 1982) . These results could result from physical and/or chemical variations between wheat and sorghum starches.
Cooked noodle qualities
Noodles from hybrids No. 1, 3 and 4 exhibited higher firmness compared to No. 2 (Table 4 ). The commercial sorghum noodle (No. *5) formulated at the lower water level resulted in cooked noodles with firmest texture, although the commercial sorghum noodle (No. **5) with higher water level treatment was significantly higher Means in the same row followed by different superscript letters indicate significant differences (P 0.05). Sample No. 1 e Orbit, 2 e Fontanelle-525, 3 e ATX3197 Â RTX7078, 4 e ATX2752 Â RTX2783, 5 e Commercial sorghum, 6 e Wheat. Fig. 1 . Representative image depicting the starch pasting properties of selected four sorghum hybrids, commercial sorghum and wheat samples. Sample No. 1 e Orbit, 2 e Fontanelle-525, 3 e ATX3197 Â RTX7078, 4 e ATX2752 Â RTX2783, 5 e Commercial sorghum, 6 e Wheat. Means in the same column followed by different superscript letters indicate significant differences (P 0.05). Sample No. 1 e Orbit, 2 e Fontanelle-525, 3 e ATX3197 Â RTX7078, 4 e ATX2752 Â RTX2783, 5 e Commercial sorghum, 6 e Wheat.
f Noodles formulated with commercial sorghum flour with 57 g water. g Noodles formulated with commercial sorghum flour with 75 g water.
than the sorghum hybrid flour noodle treatments. There were no significant differences for tensile strength among four sorghum hybrids. The tensile strength of the noodles formulated with the commercial sorghum (No. *5), 57 g water level, was significantly higher than the other noodle treatments. The difference noted between the tensile strength of the noodles formulated with No. *5 vs. No. **5 may be the result of plasticizing effect of the water (Bellido and Hatcher, 2009 ). Flour moisture content was negatively correlated with firmness (r ¼ À0.95, P < 0.01) and tensile strength (r ¼ À0.91, P < 0.05) ( Table 5 ). The small size starch particles of 2e5 mm was positively correlated with cooked noodle firmness (r ¼ 0.95, P < 0.01). The A-type starch particles and 20e30 mm starch size group were negatively correlated with tensile strength. C-type and B-type starch granules resulted in firmer noodles which agreed with Soh et al. (2006) , whereas the A-type starch granules resulted in softer noodles. Higher starch pasting viscosity was found to be related with firmer noodles. The reason of this finding was because smaller particle size resulted in firmer noodles (Hatcher et al., 2002) and higher pasting viscosity (Sahai et al., 2001) . Maximum firmness and tensile strength were found in fine flour particle size and high starch damage flour that came from harder kernels. Hatcher et al. (2002) reported that the white salted noodles formulated with wheat flours with fine particle size between 85 and 110 mm exhibited better textural attributes than noodles formulated with coarse particle sizes, the fine flour noodles exhibited firmer texture with significantly higher maximum cutting stress and resistance to compression values than either the intermediate or coarse flour noodles. Flour protein was not found to have any relationship with cooked noodle texture properties. This was not unexpected given that sorghum proteins do not form a functional protein network which contributes to the cooked noodle texture as wheat protein (Suhendro et al., 2000) . Cooking loss is defined as the amount of solids that dissolve in the water during cooking. Thus cooking loss may be an indicator of noodles structural integrity during cooking. Noodles formulated with the commercial sorghum flour, 57 g water level (No. *5), showed a higher cooking loss than the other hybrids (Table 4) . No relationship was found between cooking loss and starch properties in this research. This agrees with the research of Beta and Corke (2001) that reported sorghum noodle cooking loss was low and not significantly correlated with starch properties.
Water uptake is an indication of the quantity of water absorbed by the noodles during cooking. An inverse relationship (r ¼ À0.90, P < 0.05) between moisture content and water uptake was found for the samples used in this study (Table 5 ). Water uptake of noodles was affected by flour particle size. The commercial sorghum samples No. *5 and No. **5 exhibited significantly higher water uptake compared to the hybrids. This indicates that water uptake by the noodles increased with decreasing flour particle size and increasing starch damage.
Adjusted water absorption
As anticipated, the high starch damage and small particle size flour required more water than low starch damage and coarse flours. The high starch damage fine commercial sorghum flour required 75% water absorption to display an equivalent consistency at 57% based on observation. Torres et al. (1994) found that a smaller sorghum flour particle size distribution exhibited greater water absorption within the dough. Increasing the water content in the commercial sorghum flour formulation from 57 g to 75 g resulted in a 20% decrease in fresh noodle firmness and cooking loss (Table 4) . Even the commercial sorghum noodles (No. **5) formulated with 75% water was significantly higher than the sorghum hybrid flour noodle treatments for firmness and water uptake.
Conclusions
The understanding the sorghum grain quality attributes are critical in translating to end product use. Sorghum is similar to other grains in that individual hybrids have different grain quality characteristics that may dictate end product quality and application. The sorghum hybrids evaluated under identical processing conditions yielded noodles with significant differences in physical quality. Kernel size and weight are key elements for these differences. Thus, knowing grain quality, flour quality and end use application are necessary in hybrid selection. Through control of starch damage and flour particle size, it is possible to manufacture Chinese noodles with good physical attributes. 
